We used data from an aquifer thermal energy storage (ATES) system located 570 m from a public water supply well field in the south of the Netherlands to investigate the relation between production of renewable energy with an ATES system and the production of drinking water.
INTRODUCTION
Aquifer thermal energy storage (ATES) uses the subsurface and groundwater to store energy for heating or cooling purposes in the urban environment. In summer, relatively cool groundwater is extracted and used (often with a heat pump) to cool a building. The heated groundwater is injected in the aquifer through another well and later in the year extracted again to heat a building. In the Netherlands, almost all ATES systems operate at a relatively small temperature range between 5 to 251C. The maximum allowable injection temperature is determined in provincial regulations and ranges between 25 and 301C (Bonte et al. 2008) .
European and Dutch governments have set an ambitious goal of achieving a 30% reduction in greenhouse gas emissions in 2020. ATES is seen as a technique that can significantly contribute to this ambition. The Dutch government is therefore actively stimulating the application of ATES through fiscal arrangements such as profit tax deductions.
These fiscal measures and a relatively short payback period have led to an exponential growth in ATES: from around 100 systems in 1999 to 1,000 systems in 2009. Similar strong growth rates are reported in European countries like Switzerland, Sweden and Germany (Sanner et al. 2003 ) and in China (Gao et al. 2009 ), both for ATES and associated thermal energy storage systems such as closed loop ground source heat pumps.
This exponential growth has led to an increasing number of conflicts between the Dutch drinking water sector that wants to protect their groundwater resources (contributing around 60% of the national drinking water supply) and ATES project developers. This discussion is clouded by many uncertainties on the effects of ATES systems on drinking water production in general and groundwater quality in particular. This uncertainty is due to the lack of research using field data on the effects of low temperature ATES systems on groundwater quality under Dutch aquifer conditions. Most published research focuses on operational aspects, such as scaling due to mineral precipitation occurring at high temperature systems, and is based on either laboratory experiments (Griffioen & Appelo 1993) , chemical equilibrium modelling (Palmer & Cherry 1984) or a combination of both (Arning et al. 2006) . The results of these studies show that depending on aquifer geochemistry, precipitation of iron-carbonates can form a problem for ATES. A study that is more relevant for drinking water production is by Brons et al. (1991) who looked at mobilisation of organic carbon and release of CO 2 from sediments under increased temperature.
Incubation experiments showed that at temperatures above 451C organic carbon was mobilised from sediment resulting in an increased chemical oxygen demand potentially leading to values above the maximum allowable concentration (MAC) for drinking water. Microbiological research pertaining to ATES showed that although no evidence is observed for a growth of pathogens (Winters 1992) or increasing cell counts (Schippers & Reichling 2006) , a considerable change in the community composition may occur (Sowers et al. 2006; Brielmann et al. 2009 ). The latter is an important observation given the important role of micro-organisms in reduction processes (Appelo & Postma 2005) .
The main question in this paper is whether ATES and drinking water production can operate in the same aquifer at limited distance without negatively influencing each other.
We use water quality, temperature and energy monitoring data from an active ATES system and groundwater monitoring wells to investigate the chemical changes that can influence drinking water production.
SITE DESCRIPTION
The ATES system under investigation was constructed in 2003 and started operation in January 2005. The ATES system is located in the south of the city of Eindhoven, between highway A2 and the Dommel River (refer Figure 1) . The system is located between two public supply well fields (PSWF), both protection zone is defined by the area where infiltrating rainfall will reach the extraction wells within a period of 25 years. In this area, activities that may compromise water quality are prohibited. In most cases, this includes the establishment of an ATES system. In this case however, authorities allowed the system under the condition that it would serve as a research site to investigate the effects of ATES on groundwater quality. This location was selected, and not a site further away from the existing PSWF, by virtue of the presence of groundwater monitoring wells with a background groundwater quality data set. Also shown in Figure 1 , is the 60 day protection zone, which is the area in the aquifer where groundwater will reach the extraction wells within 60 days.
All activities other than groundwater extraction are prohibited in this area. 
METHODS
Monitoring of the ATES system was carried out by a Supervisory Control and Data Acquisition (Scada) system. This system controls the acclimatisation and logs the extracted and injected groundwater volume and temperature on a daily basis and calculates the corresponding delivered energy quantities.
In order to assess the effects of the ATES system we looked at its effects on groundwater quality as sampled in two ATES wells, by comparing this with the observed variability in ambient groundwater quality. Therefore, groundwater was sampled both in the ATES production wells and groundwater monitoring wells shown in Figure 3 presents the extraction rate from the hot wells (equalling the injection rate of the cold wells) and water temperature for each well cluster. The following observations are made from the data:.
RESULTS

Water and energy balances
-During summer water temperature in the hot wells increases to maximum 281C; in winter the temperature in the cold wells decreases to a minimum value of 61C; -During July 2005 and August 2006 of clusters 1 and 2 the temperature in the cold wells increased to the same value as the hot wells. This is unlikely to be representative of the temperature of the groundwater because the extraction rate is very low. The temperature sensor may have been influenced by atmospheric heat or heat generated by the pump; -Ignoring the periods that the temperature sensor may have been influenced by external factors, we see that the temperature difference between the hot and cold wells ranges between 3 to 51C, which is less than the design temperature The minimum and maximum bandwidth shown in Figure 4 represents the spatial and temporal variation observed in the analytical results for a compound at a specific depth range.
From the depth profiles in Figure 4 , a number of observations can be made. ATES microbiological water quality Table 1 presents a summary of the results of the microbiological analyses of water sampled from the ATES wells and the ambient concentrations as analysed from groundwater sampled from the wells at the Aalsterweg PSWF. The drinking water directive (98/83/EC) determines that water used for human consumption be free of E. coli and Enterococci (0 CFU/100 mL). The data show that faecal indicator bacteria E. coli, Enterococci and SSRC were detected in the ATES samples while none of ambient groundwater samples revealed these bacteria. We note that while most positive analyses of E. coli and Enterococci were in the range of 1 to 5 CFU/100 mL, one sample reported counts of E. coli and Enterococci of 120 and 9 CFU/100 mL, respectively (not shown in Table 1 ). The colony count data show a higher microbiological activity in the underground near the ATES wells compared to the activity under ambient groundwater conditions, especially for bacteria which grow at higher temperatures.
DISCUSSION Effects on groundwater quality
The observations of ambient shallow groundwater in the A parameter which is important for drinking water production is DOC as it is often related to coloration of water (Rittmann et al. 2002) . DOC data show a increasing trend which can be explained by mobilisation from sediment bound organic matter at increased temperature (Brons et al. 1991) .
The temperature increase at this ATES site is however small (up to 281C) compared to the temperature for which significant increases in respiration rates were reported (451C) by Brons et al. (1991) . Additional monitoring of both ambient and ATES influenced groundwater is required to confirm the increasing trend in DOC.
The absence of pathogens is of paramount importance to the suitability of groundwater for drinking water supply, As our data only consisted of the ATES wells and no data are yet available from monitoring wells downstream of the ATES system we cannot directly assess the risk this contamination forms for the PSWF. Data from field and column experiments reported in literature show however that under Dutch aquifer conditions, a subsurface residence time ranging between 60 to 110 days is generally sufficient to reduce the presence of micro-organisms to an acceptable level (Hijnen et al. 2005; Wielen et al. 2008) . Considering that the ATES system is situated on the edge of the 25 year groundwater protection area, it is unlikely that the PSWF is at risk from microbiological contamination, but additional monitoring to confirm this may be warranted.
As Cl, SO 4 and DOC concentrations remain below the MAC limits for drinking water (as was the case for the other chemical elements analysed but not reported here) and the small chance that pathogens introduced at the ATES system will reach the PSWF, we can conclude that there are no indications that ATES operation at its current rate made groundwater less suitable for drinking water production.
However, the data show that ATES impacts on groundwater quality. The magnitude of the effects and processes described here depends on the ATES system design (well depths, injection temperature and production rate) and on aquifer conditions (groundwater quality gradients, conductivity and anisotropy). An unfavourable combination of system design and aquifer conditions may cause the impacts observed here to be more pronounced, making groundwater less suitable for drinking water production. In our opinion, this observation confirms the precautionary principle applied by most Dutch provinces that ATES systems are not permitted within groundwater protection zones (Bonte et al. 2008) . The precautionary principle to prohibit ATES near PSWFs is also applied in Germany (Eugster & Sanner 2007 ) and many other countries in the European Union (Bonte et al. Submitted) .
Consequences for drinking water production
Based on the notion that an unfavorable situated or designed 
CONCLUSIONS
The data we have presented in this paper show that an ATES system can negatively impact groundwater quality by intro- 
